Kinesin motor proteins that drive intracellular transport share an overall architecture of two motor domain-containing subunits that dimerize through a coiled-coil stalk. Dimerization allows kinesins to be processive motors, taking many steps along the microtubule track before detaching. However, whether dimerization is required for intracellular transport remains unknown. Here, we address this issue using a combination of in vitro and cellular assays to directly compare dimeric motors across the kinesin-1, -2, and -3 families to their minimal monomeric forms. Surprisingly, we find that monomeric motors are able to work in teams to drive peroxisome dispersion in cells. However, peroxisome transport requires minimal force output, and we find that most monomeric motors are unable to disperse the Golgi complex, a high-load cargo. Strikingly, monomeric versions of the kinesin-2 family motors KIF3A and KIF3B are able to drive Golgi dispersion in cells, and teams of monomeric KIF3B motors can generate over 8 pN of force in an optical trap. We find that intracellular transport and force output by monomeric motors, but not dimeric motors, are significantly decreased by the addition of longer and more flexible motor-to-cargo linkers. Together, these results suggest that dimerization of kinesin motors is not required for intracellular transport; however, it enables motor-to-motor coordination and high force generation regardless of motor-to-cargo distance. Dimerization of kinesin motors is thus critical for cellular events that require an ability to generate or withstand high forces. 
Kinesin motor proteins that drive intracellular transport share an overall architecture of two motor domain-containing subunits that dimerize through a coiled-coil stalk. Dimerization allows kinesins to be processive motors, taking many steps along the microtubule track before detaching. However, whether dimerization is required for intracellular transport remains unknown. Here, we address this issue using a combination of in vitro and cellular assays to directly compare dimeric motors across the kinesin-1, -2, and -3 families to their minimal monomeric forms. Surprisingly, we find that monomeric motors are able to work in teams to drive peroxisome dispersion in cells. However, peroxisome transport requires minimal force output, and we find that most monomeric motors are unable to disperse the Golgi complex, a high-load cargo. Strikingly, monomeric versions of the kinesin-2 family motors KIF3A and KIF3B are able to drive Golgi dispersion in cells, and teams of monomeric KIF3B motors can generate over 8 pN of force in an optical trap. We find that intracellular transport and force output by monomeric motors, but not dimeric motors, are significantly decreased by the addition of longer and more flexible motor-to-cargo linkers. Together, these results suggest that dimerization of kinesin motors is not required for intracellular transport; however, it enables motor-to-motor coordination and high force generation regardless of motor-to-cargo distance. Dimerization of kinesin motors is thus critical for cellular events that require an ability to generate or withstand high forces. molecular motor | kinesin | microtubule | intracellular transport | monomeric motor C ytoskeletal motor proteins drive the directional transport of cellular cargoes along actin or microtubule filaments. Defects in motor protein function result in impaired transport and are linked to numerous diseases, including neurodegeneration and cancer (1, 2) . Transport kinesins such as kinesin-1, the founding member of the kinesin superfamily, generally dimerize through a coiled-coil stalk and thus have two motor domains for ATP hydrolysis and microtubule binding. The two motor domains undergo alternating (out-ofphase) ATPase cycles, thereby ensuring that one motor domain remains bound to the microtubule as the other takes a step forward (3) . This enables individual dimeric kinesin-1 motors to be processive and maintain their interaction with the microtubule track for hundreds of catalytic cycles. Monomeric kinesin-1 motors generated by truncation of the coiled-coil stalk (4) (5) (6) (7) (8) or deletion of one of the motor domains (9) are not processive as single motors. Therefore, dimerization is required for processive motility of individual motors.
The relationship between dimerization, processivity, and a motor's ability to drive cargo transport has been more difficult to establish. Leibler and Huse (10) provided a theoretical framework for how a motor's interaction with the microtubule affects its ability to cooperate in teams. Processive motors such as kinesin-1 work as "porters" and can drive long-range transport alone or in small groups because the alternating ATPase cycles ensure that one motor remains bound to the track (high duty ratio). Nonprocessive motors, such as myosin-2 and axonemal dynein motors, must work in large ensembles because individual motors spend most of their time detached from the track (low duty ratio). Like "rowers" in a boat, individual nonprocessive motors interact only transiently with the track but collectively can generate force and large movements. Consistent with this framework, large ensembles of kinesin monomers can glide a microtubule or transport a bead, albeit at lower speeds and forces than their dimeric forms (4-8, 11, 12) . In these studies, the rigid cargo enabled individual motors to communicate with each other and work collectively.
The ability of monomeric motors to collectively transport cargoes when attached to a lipid bilayer is less studied. Motors attached to a lipid bilayer are only weakly coupled to each other, but theoretical studies have predicted cooperative effects from unequal load sharing of Brownian motors transporting a vesicle (13, 14) . Indeed, a recent study showed that single-headed versions of the kinesin-3 motor KIF1A attached to giant unilamellar vesicles are able to cluster at the leading edge of a tubule and drive its extraction from the vesicle (15) . Theoretical work proposed that this motor's unique ability to engage with the microtubule in a passive diffusive state enables it to cooperate effectively for transport of membranebound cargoes (16) . Whether other kinesin motors can work in teams of monomers is unknown. Furthermore, the ability of monomeric kinesin motors to drive vesicle transport in a cellular environment has not been tested.
To determine whether kinesin monomers can work collectively to drive cargo transport in cells, we directly compared dimeric motors to artificial monomeric motors across the kinesin-1, -2, Significance Intracellular transport is driven by molecular motors that carry cargoes along cytoskeletal tracks. Molecular motors, such as kinesin-1, contain two motor domains so they can walk processively (take many steps per encounter) along a microtubule track. The two motor domains alternate their catalytic activities so that one of them is always attached to the track. Here we show that kinesins with one motor domain are not processive as individuals but can work collectively to drive continuous transport in cells. However, their transport is most efficient when the motor-to-cargo distance is short and the cargo imposes little load on the motor. These results lend insight into the minimal requirements for kinesin transport and the synergies gained through teamwork and coordination.
and -3 families in both in vitro and cellular assays. We find that surprisingly, the monomeric motors are able to drive the dispersion of peroxisomes to the cell periphery, indicating that dimerization and processive motility at the single-molecule level are not required for intracellular cargo transport by teams of motors. We further explore the mechanics of this cooperativity and find that in general, kinesin monomers are more efficient transporters if the motor-to-cargo distance is short and the cargo imposes minimal load on the motors. As the length of the stalk increases, monomers become less efficient, and dimerization becomes necessary to pull against load. Together, these results lend insight into the minimal requirements and mechanical modulators of collective kinesin cargo transport and synergies gained through teamwork and coordination. They may also shed light on why most kinesins evolved to function as dimers.
Results
Single-Headed KIF1A Motors Can Transport Membrane-Bound Cargo in Cells. We first asked whether the kinesin-3 motor KIF1A, shown to work in teams to drive liposome transport in vitro (15) , can work collectively to drive transport of a membrane-bound cargo in cells. We utilized a constitutively active, truncated version of KIF1A containing the motor domain, neck linker, neck coil, and the GCN4 leucine zipper [KIF1A(1-393)-LZ)] that is known to exist as a dimer, and we compared it to a monomeric version containing only the motor domain and neck linker [KIF1A(1-369)], based on our previous work (SI Appendix, Fig.  S1 ) (17) . We first verified the motility properties of individual motors by imaging 3xmCit-tagged motors by total internal reflection fluorescence (TIRF) microscopy. Dimeric KIF1A motors displayed long, processive, unidirectional runs at fast speeds (Fig. 1A , Left), consistent with previous studies (17) , whereas monomeric KIF1A motors only had transient interactions with the microtubule and diffusive motion in both directions (Fig. 1A , Right), consistent with previous work (12, (18) (19) (20) . Thus, dimerization is required for individual KIF1A motors to undergo robust processive motility along microtubules.
To test whether dimeric and monomeric KIF1A motors can work effectively in teams for cargo transport in cells, we utilized an artificial cargo trafficking assay in which the kinesin of interest is targeted to the peroxisome, and the subsequent redistribution of the peroxisome can be attributed to the transport capacity of the motor (Fig. 1B) (21) . Peroxisomes are spherical membrane-bound organelles generally <250 nm in diameter and localized in the perinuclear region in COS-7 cells. Peroxisomes are relatively immotile (SI Appendix, Fig. S2A and Movie S1) (22, 23) and their dispersion requires <15-pN force generation by the recruited kinesin motors (24) . This assay facilitates the analysis of motor behavior in a physiological environment where motors work in teams to transport membrane-enclosed cargoes.
We fused mNeonGreen (mNG) and the FK506 binding protein (FKBP) and rapamycin binding (FRB) domain to the C terminus of our dimeric and monomeric KIF1A motors. We coexpressed the tagged motors with a peroxisome-targeted mRFP-FKBP module (PEX3-mRFP-FKBP) in COS-7 cells. Addition of rapamycin induces the dimerization of FRB and FKBP, thereby rapidly recruiting the motor to the peroxisome surface (Fig. 1B) . The cells were fixed at 0, 10, or 30 min of rapamycin treatment and the motor/cargo dispersion was observed by fluorescence microscopy ( Fig. 1 C and D and SI Appendix, Fig. S2A ). As expected, recruitment of dimeric KIF1A resulted in rapid redistribution of the peroxisomes to the cell periphery (Fig. 1C) . To our surprise, we found that monomeric KIF1A motors were able to transport peroxisomes as well as the dimeric motor (Fig. 1D) , despite lacking the single-motor processivity of the dimeric form. These results suggest that groups of monomeric KIF1A motors are able to work cooperatively while attached to a lipid bilayer to drive transport in a cellular environment. They also demonstrate that dimerization of kinesin motors is not required for cargo transport in cells. Single-Headed Kinesin-1, -2, and -3 Motors Can Transport MembraneBound Cargo in Cells. We next asked whether other kinesin motors can work as monomers to drive cargo transport in cells or whether this property is unique to KIF1A. A characteristic feature of kinesin-3 motors is the presence of a positively charged loop on the surface of the motor domain that enables short periods of diffusive motion along the negatively charged microtubule surface (Fig. 1A) (19, 20) . Indeed, like KIF1A, truncated and monomeric versions of the kinesin-3 motors KIF13B and KIF16B displayed transient and diffusive interactions with microtubules ( Fig. 2A) . In contrast, artificial monomeric motors (SI Appendix, Fig. S1 ) of the kinesin-1 (KIF5A, KIF5B, KIF5C) and kinesin-2 (KIF3A, KIF3B, KIF17) families displayed rapid binding and unbinding events with little to no diffusive motion ( Fig. 2A) . Theoretical studies have suggested that the diffusive state provides an enhanced cooperativity that can generate collective forces required for cargo transport (16) . We thus predicted that monomeric kinesin-3 motors, but not monomeric kinesin-1 or kinesin-2 motors, could work in teams to drive cargo transport in cells.
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To examine the ability of the dimeric and monomeric motors to drive peroxisome dispersion in cells, we tagged the dimeric and monomeric versions of each motor with mNG-FRB and coexpressed them in COS-7 cells with the PEX3-mRFP-FKBP construct. Motor recruitment to the peroxisome surface was acutely induced with rapamycin, and peroxisome dispersion was examined by fluorescence microscopy. Using the same components for chemically induced dimerization across all motors ensures that each motor is recruited to the peroxisome surface with the same affinity (SI Appendix, Fig. S3B ). For the heterodimeric kinesin-2 motor KIF3AB, only the 3A subunit was tagged with mNG-FRB, and the recruitment of heterodimers was verified by colocalization of the KIF3B-TagBFP subunit. For simplicity and clarity, representative images of peroxisomes before and after 30-min rapamycin treatment are shown in Fig. 2 As expected, dimeric versions of each kinesin motor were able to drive peroxisome dispersion ( Fig. 2B and SI Appendix, Figs. S4-S6). Surprisingly, the monomeric motors were also able to drive peroxisome dispersion (Fig. 2C , SI Appendix, Figs. S4-S6, and Movie S2). These results indicate that the ability to diffuse along the microtubule is not required for motors in teams to drive cargo transport. Rather, the ability of kinesin motors to generate motion in cells requires only the catalytic core, which includes the forcegenerating elements [coverstrand and neck linker (25) ].
To quantify these results, we classified peroxisome localization into four categories: clustered, partially dispersed, diffuse, or peripherally dispersed (Fig. 3A) . For the kinesin-1 motors, it is interesting that a dimeric KIF5B motor was most effective at full dispersion of the peroxisomes, whereas monomeric KIF5B was the least effective ( Fig. 3 B and C) . For the kinesin-2 motors, KIF17 was a less-effective motor than KIF3A/KIF3B in both the dimeric and monomeric states ( Fig. 3 B and C) . For the kinesin-3 motors, all motors were effective at peroxisome transport, although KIF16B appeared less effective in both the dimeric and monomeric states ( Fig. 3 B and C). Together these results indicate that, despite the importance of dimerization for processive motion at the single-molecule level, dimerization is not required for kinesin motors to work effectively in teams to drive transport in cells.
Monomeric Motors Are Impaired at High-Load Cargo Transport in
Cells. The fact that kinesin monomers are able to cooperatively transport peroxisomes in cells raises the question of why most kinesins exist as dimers. One potential advantage of being a dimer is that a dimeric motor can generate higher forces than monomeric motors working individually or in teams. We hypothesized that although monomer teams can generate sufficient force for transport of peroxisomes, these motor teams would be ineffective when challenged with a high-load cargo. To test this, we examined the ability of monomeric motors to drive dispersion of the Golgi complex in COS-7 cells. The Golgi is held in a tight cluster of stacked membranes in the perinuclear region of COS-7 cells by a combination of cytoplasmic dynein, myosin motors, and linker proteins (Movie S3) (26) . Targeted kinesins must work against this opposing force to disperse the Golgi (Fig. 4A , SI Appendix, Fig. S2B , and Movie S4), with recent work suggesting that movement of the Golgi requires ∼200-pN force (27) . We thus used the C-terminal region of GMAP210 to target the mRFP-FKBP module to the cis-Golgi membrane (28) . Cells expressing a kinesin-mNG-FRB together with the Golgitargeted GMAP210-mRFP-FKBP module were treated with rapamycin and then fixed and stained with an antibody against the Golgi marker Giantin to probe for dispersion of Golgi components (Fig. 4 B and C and SI Appendix, Figs. S7-S9). To directly compare Golgi and peroxisome dispersion, we classified Golgi dispersion using the same four phenotypes (Fig. 4A) . Compared with peroxisome dispersion, there was much more variation both across and within families in terms of a motor's ability to disperse the Golgi complex. In general, dimeric motors ( Fig. 4B and SI Appendix, Figs. S7-S9) were better at dispersing the Golgi than their corresponding monomeric versions (Fig. 4C and SI Appendix, Figs. S7-S9 ). This supports the hypothesis that dimerization enables kinesin motors to generate higher forces necessary for the transport of high-load cargoes in a cellular context.
For kinesin-1 motors, we found that recruitment of dimeric KIF5B and KIF5C motors resulted in peripheral dispersion of the Golgi in the majority of cells (73% for KIF5B and 57% for KIF5C), whereas dimeric KIF5A motors were less effective (only 10% of cells achieved peripheral dispersion) (Fig. 5A) . Interestingly, the monomeric motors showed the opposite trend; monomeric KIF5B and KIF5C could not drive Golgi dispersion (98% of cells contained clustered Golgi for KIF5B and 97% for KIF5C), whereas the monomeric KIF5A was relatively effective (Golgi remained clustered in only 11% of cells) (Fig. 5B) .
For kinesin-2 motors, we found that the heterodimeric motor KIF3A/KIF3B was an effective motor for Golgi dispersion (32% of cells displayed peripheral Golgi dispersion), whereas dimeric KIF17 was completely ineffective (0% of cells had peripheral dispersion) (Fig. 5A) . In fact, the majority of cells expressing KIF17 still had clustered Golgi despite the fact that the motor was well-targeted to the Golgi after rapamycin treatment (SI Appendix, Fig. S8 ). For the monomeric kinesin-2 motors, we were surprised to find that recruitment of either of the monomeric versions (KIF3A and KIF3B) of the heterodimeric motor resulted in Golgi dispersion in a significant population of the cells (23% of cells displayed peripheral dispersion for KIF3A and 42% for KIF3B) (Fig. 5B) .
For kinesin-3 motors, all dimeric motors were capable of Golgi dispersion (peripheral dispersion in 18% cells of cells expressing KIF13B and 17% of cells expressing KIF16B) (Fig. 5A) , whereas the monomeric versions were relatively inefficient at Golgi dispersion (30%, 30%, and 60% of cells still contained clustered Golgi for KIF1A, KIF13B, and KIF16B, respectively) (Fig. 5B) . We had expected KIF1A to be effective as a monomer based on its ability to pull tubules out of lipid vesicles (15); however, KIF13B was the most effective kinesin-3 monomer in driving peripheral dispersion of the Golgi complex (10% of cells). Taken together, these results indicate that monomeric kinesin motors are generally ineffective at transport of a high-load cargo in a cellular environment. Thus, a benefit provided by dimerization is that the motor can generate sufficient forces required for transport of cellular cargoes.
The Length of KIF3B Monomers Modulates Their Cooperativity in Cells and in Vitro. Kinesins are generally elongated molecules containing extensive nonmotor segments that contribute to oligomerization, cargo binding, and regulation of motor activity (29, 30) . We thus asked how the addition of nonmotor elements would affect the ability of kinesin monomers to cooperate in intracellular cargo transport. We speculated that teams of monomers may only be able to "row" along the microtubule and generate force if there is a short distance between the motor and the cargo. To test this, we took advantage of the unique ability of KIF3B to function in Golgi dispersion and appended single α-helix (SAH) domains of varying length (5, 10, 20, or 30 nm) after the neck linker of the KIF3B monomer (Fig. 6A) . SAHs are stable helical structures found in numerous proteins, including myosin motors, and their defined length and mechanical properties make them ideal for protein engineering applications (31) . We tested the functionality of the extended motors in the peroxisome and Golgi dispersion assays. With both cargoes, we observed a robust trend: as the motor-tocargo distance increased, the monomeric KIF3B motors became less efficient at working in teams to transport both peroxisomes and Golgi in cells (Fig. 6B) .
To gain a mechanistic understanding of the ability of short versus elongated monomers to cooperate, we bound monomeric, biotinylated KIF3B motors to streptavidin-coated beads and measured their speed (Fig. 7A ) and force generation (Fig. 7 B and C) in a multimotor context. For these assays, we compared the minimal KIF3B monomer (no SAH) to the monomer with a 20-nm SAH (KIF3B-20nmSAH) because these showed significant differences in the peroxisome and Golgi dispersion assays (Fig. 6 ). Beads coated with multiple KIF3B and KIF3B-20nmSAH monomers showed consistent unidirectional motility along microtubules. The short KIF3B monomers drove bead motility with faster speeds (722.8 ± 482.1 nm/s) than the longer KIF3B-20nmSAH monomers (217.4 ± 203.9 nm/s) (Fig. 7A) . To measure the force production of the KIF3B monomers, we used optical trapping and found that beads coated with short KIF3B monomers moved quickly out of the trap and stalled at 4-8 pN of force before returning to the center of the trap, whereas beads coated with longer KIF3B-20nmSAH monomers moved more slowly out of the trap and detached at lower forces before returning to the trap center (Fig. 7C) . Strikingly, in some events, the short KIF3B monomers were able to withstand over 8 pN of force. Quantification of multiple events demonstrated that short KIF3B monomers detached from the microtubule track at an average of 6 pN, whereas longer KIF3B-20nmSAH monomers detached from the microtubule at an average of 4 pN (Fig.  7B) . These results indicate that the impaired ability of the longer KIF3B-20nmSAH monomers to drive cargo transport in cells may be due, at least in part, to their reduced speed and force generation in a multimotor context.
In our experiments, the SAH domains are assumed to act as inert spacers of increasing length; however, the longer SAH domains may additionally affect compliance as they are longer than the persistence length of 15 nm (31). To examine how the flexibility of the motor-to-cargo linker impacts the ability of motors in teams to cooperate during cellular transport, we linked two shorter SAHs via a flexible hinge segment (5nmSAH-hinge20nmSAH) while maintaining the approximate length of the longest SAH (30nmSAH). This architecture mimics that of many kinesin motors that contain flexible hinge regions separating rigid coiled-coil segments. For the monomeric KIF3B motor, 
Percent of cells appendage of the 5nmSAH-hinge-20nmSAH segment resulted in a decrease in transport efficiency similar to that observed upon appendage of the uninterrupted 30nmSAH to the motor. This effect was observed in both the peroxisome and Golgi dispersion assays ( Fig. 8A ) and suggests that the ability of monomeric motors to cooperate effectively is primarily influenced by the distance from the cargo. This result is in contrast to the dimeric KIF5C motor where appendage of either the longer 30nmSAH or the longer and more flexible 5nmSAH-hinge-20nmSAH had no significant impact on the ability of the motor to drive peroxisome or Golgi dispersion in a cellular context (Fig. 8B ). These results demonstrate that the ability of monomeric kinesins to work effectively in teams and transport cargo depends on the distance between the motor domain and the cargo. For kinesins known to be involved in transport of membrane-bound cargoes in cells, the presence of nonmotor segments for oligomerization and motor regulation results in an increased motorto-cargo distance and thereby imposes a constraint on motor function that dimerization appears to resolve.
Discussion
It has long been thought that the ability of kinesin motors to dimerize for processive motility is critical for their ability to transport vesicles and other cargoes in cells. Here we demonstrate that kinesin monomers that are not processive as individual motors can carry out efficient, long-range transport in cells when grouped on the same cargo. While other studies have demonstrated that monomeric kinesins can generate processive motion when present at high densities on rigid surfaces, this study demonstrates continuous cargo transport by motors attached to a fluid membrane and pulling against a load in a cellular environment. We find that transport driven by monomeric kinesins is most efficient (i) under low-load conditions and (ii) when the motor-to-cargo distance is short.
Intracellular Transport Driven by Diverse Kinesin Monomers. Monomeric versions of the kinesin-3 motor KIF1A can undergo processive motion as individual motors by a biased diffusion mechanism and can cooperate at high densities to drive the motion of rigid cargoes, such as a bead or glass surface (11, 12, 18, 19) . The first hints that monomeric KIF1A motors could work effectively in teams when attached to a fluid lipid layer came from studies with giant unilamellar vesicles (15) . Our work extends these findings to show that monomeric KIF1A can drive the dispersion of membranebound vesicles and organelles in a cellular environment (Fig. 1) .
Furthermore, our work demonstrates that the ability of a monomeric kinesin to drive membrane transport in cells is not restricted to KIF1A. Indeed, we were surprised to find that all kinesin monomers that we tested could transport peroxisomes in cells, despite being nonprocessive as individual motors (Fig. 2) . These results indicate that the ability of kinesins to transport a fluid cargo in cells requires only a catalytic motor domain that includes the force-generating elements of the coverstrand and neck linker. These minimal elements enable the motors to work as rowers where each member of the team briefly binds to the track, generates an impulse of force, and then releases from the track. Strikingly, the ability to drive transport does not appear to require specific properties of the catalytic motor domain, because diverse monomers across the kinesin-1, -2, and -3 families were all able to transport peroxisomes effectively.
Previous theoretical and experimental work on KIF1A proposed that the ability of monomeric motors to cooperate efficiently for transport of membrane-bound cargoes requires the motor to be able to interact with the microtubule in a diffusive state (13) (14) (15) (16) . Our data rule out this possibility as monomeric kinesin-1 and kinesin-2 motors that do not diffuse on the microtubule lattice are still capable of working in teams to drive peroxisome dispersion (Fig. 2) . Rather, our data suggest that a weak and transient interaction with the microtubule is sufficient for nonprocessive motors to carry out long-range transport in teams. This is consistent with previous work showing that weak motor-microtubule interactions are sufficient for nonprocessive axonemal dynein motors to move microtubules (32) . Furthermore, some dimeric motors display little to no processivity as individual motors but can generate continuous motion when working in teams (33) (34) (35) (36) . Our results extend these findings and suggest that nonprocessive motors, whether monomeric or dimeric, can drive continuous cargo transport as long as high-force generation is not required.
One feature that influences the ability of monomeric motors to work collectively in cells is the distance of the motor-cargo linkage. We found that as the motor-to-cargo linker length increased, the ability of the KIF3B monomer to transport a cargo decreased, particularly in high-force situations (Figs. 6 and 8 ). Monomeric motors with a short motor-to-cargo distance are not known to exist in the kinesin superfamily but can be found in the myosin superfamily where myosin I motors generate collective force and motility when attached to a lipid bilayer (37, 38) . A short motor-to-cargo distance enables the motors to work in a confined environment where their spatial proximity to the track allows them to quickly rebind and engage in productive rowing. A shorter and less compliant motor-to-cargo linkage also more effectively couples motors by communicating their force and position to the cargo and other team members. 
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Low-load cargo were capable of transporting the Golgi, a high-load cargo. The unique ability of KIF3A and KIF3B (kinesin-2) monomers to drive transport of a high-load cargo in cells was striking (Figs. 4 and 5) . That KIF3A and KIF3B are uniquely well-suited to transport highload cargoes even as monomers is particularly interesting given their unique assembly as a heterodimeric KIF3A/KIF3B motor in the native molecule. Insights about these monomeric motors could inform studies seeking to explain the functional significance of the heterodimeric KIF3A/KIF3B architecture.
We were also surprised at the magnitude of force production by KIF3B when attached to beads and manipulated in an optical trap in vitro. We found that multiple KIF3B monomers could withstand up to 8 pN of force (Fig. 7) . In contrast, multiple kinesin-1 KIF5B or kinesin-3 Unc-104 monomers are capable of withstanding only 2-3 pN of force (7, 11, 12) and we find that monomeric kinesin-1 and kinesin-3 motors are unable to transport high-load cargo in cells (Figs. 4 and 5 ). The molecular mechanisms by which teams of KIF3A and KIF3B monomers are able to generate such high forces are presently unclear and require further study.
Recent work on dimeric kinesin-2 motors (native KIF3A/KIF3B or engineered KIF3A/KIF3A or KIF3B/KIF3B) has revealed molecular properties that may shed light on how their monomeric versions are uniquely suited to work in teams and drive high-load transport in cells. The dimeric motors were found to rapidly unbind from the microtubule track in response to opposing force (39) (40) (41) . Similarly, we find that monomeric versions of KIF3B detach rather than stall at limiting forces (Fig. 7C) , a property that could reduce frictional interference between microtubule-bound motors. The dimeric kinesin-2 motors were also found to have faster reattachment rates compared with kinesin-1 (42), a property that may help to maintain a minimum number of engaged motors (43, 44) . Further work is need to determine whether these molecular properties can explain the ability of the monomeric KIF3A and KIF3B motors to drive high-load transport in cells.
The Advantages of Being a Dimer. We have shown that although dimerization is required for processive motion of individual kinesin motors, it is not required for teams of motors to drive continuous movement of membrane-bound cargoes in cells. Why then do most kinesins exist as dimers? Dimerization permits tight motor-tomotor coupling, which has several advantages for a molecular motor. First, tight mechanical coupling enables two motor domains to coordinate their kinetic cycles and ensures that one motor domain is attached to the microtubule track during force generation (45) (46) (47) (48) (49) (50) . For monomeric motors, a tight motor-to-motor coupling requires mechanical coupling through a rigid cargo (4-8, 11, 12) or perhaps a membrane with decreased fluidity (51, 52) .
Tight motor-to-motor coupling also permits an increase in the motor-to-cargo distance while maintaining the ability to generate force and undergo processive motility. Our data demonstrate that monomeric motors become less-efficient transporters as the motor-to-cargo distance increases, especially under high-load conditions (Figs. 6 and 8) , whereas dimeric motors are not influenced by motor-to-cargo distance (Fig. 8) . These results agree with recent work demonstrating that an increased linker length has minimal effect on transport by dimeric kinesin-1 or kinesin-7 motors attached to beads (53) but contrast with previous work carried out with dimeric motors attached to a glass surface in a microtubule gliding assay (54, 55) . We thus suggest that kinesin motors largely evolved a dimeric state to incorporate 
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**** KIF3B KIF3B-20nmSAH Fig. 7 . A short motor-to-cargo linker enables KIF3B monomers to drive faster unloaded bead motility and generate higher forces. Monomeric KIF3B (1-350) motors containing no extension (KIF3B) or a 20-nm SAH extension (KIF3B-20nmSAH) were biotinylated, bound to 0.4-μm streptavidin beads, and tested for their ability to drive transport and generate force. (A, Upper) Schematic of unloaded bead motility assays. Fluorescent beads with bound biotinylated motors were imaged by TIRF microscopy and their speeds were measured by kymograph. (Lower) KIF3B monomers: average bead motility 723 ± 482 nm/s (SD), n = 52 events over three independent experiments; KIF3B-20nmSAH monomers, average bead motility 217 ± 204 nm/s (SD), n = 51 over three independent experiments. ****P < 0.0001 (two-sample Kolmogorov-Smirnov test). (B, Upper) Schematic of optical trapping assay. (Lower) KIF3B monomers average stall forces 5.9 ± 1.8 pN (SD), n = 39 events over three independent experiments; KIF3B-20nmSAH monomers 3.9 ± 1.3 pN (SD), n = 108 events over three independent experiments. ****P < 0.0001 (two-sample Kolmogorov-Smirnov test). (C) Example traces of optically trapped beads coated with KIF3B monomers (Left) or KIF3B-20nmSAH monomers (Right).
nonmotor domains for oligomerization and regulation while maintaining the ability to drive continuous, high-load cargo transport via motor-to-motor coupling.
Dimerization is also advantageous for motor proteins in that it provides a built-in partner and thus permits motors to work effectively at limiting concentrations. In contrast, monomeric motors require high concentrations to drive transport (15) . Although collective transport by both dimeric and monomeric motors could be enhanced by generating locally high concentrations of motors on membranes, for example by dynamic clustering in response to load (13, 14, 56, 57) or by sorting into membrane microdomains (58), we note that close proximity of monomeric motors on the cargo surface can drive dimerization and thereby generate processive motors for cargo transport. Indeed, a cargo-induced monomer-to-dimer transition has been suggested to regulate members of both the kinesin and myosin superfamilies. For kinesin motors, cargoinduced dimerization was first suggested for the kinesin-3 family members murine KIF1A and its Caenorhabditis elegans homolog Unc-104 (12, (59) (60) (61) and has subsequently been demonstrated for additional members of the kinesin-3 family (17, (62) (63) (64) (65) (66) (67) . For myosin motors, cargo-mediated dimerization has been demonstrated to regulate the motility of members of the myosin-6, myosin-7, and myosin-10 families (68-74).
Surprising Features of Multimotor Transport by Dimeric Kinesins in
Cells. Our results highlight the complex interplay of features that determines the efficiency of motors working in teams in a cellular environment. We note that motors that are strong individually are not always the most effective motors under highload conditions. For example, we were surprised to find that the kinesin-2 motor KIF17 could not drive Golgi dispersion in teams. It is unclear why KIF17 is ineffective in this context because individual KIF17 motors are relatively fast and processive motors and can step against a 6-pN hindering load (75, 76) . We also note that the motors most effective as dimers are not the most effective as monomers. For example, we were surprised to find that although kinesin-1 dimers, the canonical porters, are able to drive Golgi dispersion better than kinesin-2 dimers, the kinesin-1 monomers (KIF5A, KIF5B, KIF5C) are less effective at Golgi dispersion than kinesin-2 monomers (KIF3A, KIF3B). This suggests that the stalk and other nonmotor domains play important and possibly deterministic roles in the force-generating capability of motors. Similarly, from a dynamics perspective, the kinetic signature of each motor domain likely impacts its ability to function in teams. Further work investigating the motility of motor-cargo ensembles in live cells is required to unravel the contributions of force generation, motor number, and motor kinetics to transport by teams of motors on membrane-bound cargoes.
Materials and Methods
Plasmids. The amino acid sequences of the dimeric and monomeric kinesins and their design are described in SI Appendix, Fig. S1 . Motors were tagged with three tandem mCitrine (mCit) fluorescent proteins for single-molecule imaging, with tandem mNG and FRB sequences for the cargo dispersion assays in cells, or with the AviTag (aa sequence GLNDIFEAQKIEWHE) for biotinylation and attachment to beads in motility and optical trap assays. Plasmids encoding FKBP and FRB were obtained from ARIAD Pharmaceuticals and are now available from Takara Bio as DmrA and DmrC, respectively. The plasmid encoding bacterial biotin ligase BirA tagged with HA (HA-BirA) and the peroxisome-targeting construct PEX3-mRFP-2xFKBP were gifts from C. Hoogenraad, Utrecht University, The Netherlands (21) . Plasmids encoding mNG were obtained from Allele Biotechnology. DNA fragments encoding SAH domains were amplified by PCR cloning to obtain the 5-nm helix from Homo sapiens translation initiation factor IF-2, 10-nm helix from Sus scrofa myosin VI medial tail, 20-nm helix from S. cerevisiae mannosyltransferase MNN4, and 30-nm helix from Trichomonas vaginalis Kelch-motif family protein (77) . For the 5nmSAH-hinge-20nmSAH construct, the SAH sequences were separated by the hinge 1 from KIF3B (amino acid sequence SIGRRKRREKRREGGGSGGGGEEEEEEGEEGEEDGDDKD). All fusion proteins were expressed under the control of the cytomegalovirus promoter in the EGFP-N1 vector (Takara Bio); this vector also contains an SV40 origin for replication in mammalian cells and a kanamycin-resistance cassette for amplification in Escherichia coli. All plasmids were verified by DNA sequencing.
Cell Culture and Extract Preparation. COS-7 cells (African green monkey kidney fibroblasts; American Type Culture Collection) were cultured in Dulbecco's Modified Eagle Medium (Gibco) + 10% (vol/vol) Fetal Clone III (HyClone) + 2 mM GlutaMAX (L-alanyl-L-glutamine dipeptide in 0.85% NaCl; Gibco) at 37°C with 5% CO 2 . Cells were seeded and transfected 24 h later at a density of ∼60-80% confluent with plasmids encoding motor-3xmCit, TransIT-LT1 transfection reagent (Mirus), and Opti-MEM Reduced Serum Medium (Gibco). Twenty-four hours after transfection, cells were harvested with 0.05% Trypsin-EDTA (Gibco) and centrifuged 3 min at 3,000 × g at 4°C. The pellet was washed once with PBS, centrifuged 3 min at 3,000 × g at 4°C, and resuspended in ice-cold lysis buffer [25 mM Hepes/KOH, 115 mM potassium acetate, 5 mM sodium acetate, 5 mM MgCl 2 , 0.5 mM EGTA, and 1% (vol/vol) Triton X-100, pH 7.4] freshly supplemented with 1 mM ATP, 1 mM phenylmethylsulfonyl fluoride, and 1% (vol/vol) protease inhibitor mixture (P8340; Sigma-Aldrich). The lysate was clarified by centrifuging for 10 min at 20,000 × g at 4°C and aliquots of motorcontaining supernatant were snap-frozen in liquid nitrogen and stored at −80°C. Cell lysates containing biotinylated motors tagged with the AviTag were obtained the same way except cells were cotransfected with a plasmid encoding HA-BirA, 0.05% digitonin was substituted for 1% Triton X-100, and the samples were incubated 5 min on ice before centrifugation.
Inducible Cargo Dispersion Assays. COS-7 cells were seeded onto glass coverslips and cotransfected with plasmids encoding motor-mNG-FRB and GMAP210-mRFP-2xFKBP for Golgi dispersion assays or with motor-mNG-FRB and PEX3-mRFP-2xFKBP for peroxisome dispersion assays. Approximately 14 h after transfection, rapamycin (Calbiochem) was added to each well at a final concentration of 44 nM to induce motor recruitment to the Golgi or peroxisome surface. Addition of an equivalent volume of ethanol vehicle was used as a control. After incubation for 10 or 30 min, cells were washed with PBS and then fixed with 3.7% formaldehyde in PBS, quenched with 50 mM NH 4 Cl in PBS, permeabilized with 0.2% Triton X-100 in PBS, and blocked with blocking buffer (0.2% fish skin gelatin in PBS). Primary and secondary antibodies were applied in blocking buffer for 1 h at room temperature in the dark. Commercial antibodies used were polyclonal antibody against the cis-Golgi marker giantin (1:1,200 PRB-114C; Covance) and goat anti-rabbit Alexa680-labeled secondary antibody (1:500; Jackson ImmunoResearch). Nuclei were stained with DAPI (final concentration 10.9 μM) and cover glasses were mounted in ProlongGold (Invitrogen).
Images were collected on an inverted epifluorescence microscope (Nikon TE2000E) with a 40×, 0.75 NA objective and Photometrics CoolSnapHQ 
Golgi dispersion
Peroxisome dispersion
Low-load cargo camera. Only cells expressing low to medium levels of the motor-mNG-FRB construct were selected for imaging and included in the quantification (SI Appendix, Fig. S3A ). No dispersion of either peroxisomes or Golgi was observed during control experiments performed in the absence of rapamycin or absence of motor expression (SI Appendix, Fig. S2C ). We also verified that the ability of monomeric motors to drive cargo transport in cells was unrelated to the tandem FKBP as identical dispersion phenotypes were obtained for cells expressing motor-mNG-FRB + PEX3-mRFP-FKBP as for motor-mNG-FRB + PEX3-mRFP-2xFKBP. The dispersion phenotype in each cell was scored as clustered, partial dispersion, diffuse, or peripheral dispersion based on the location of the colocalized motor and PEX3 signals (for peroxisome dispersion) or the motor, GMAP210, and giantin signals (for the Golgi dispersion). The scoring system was found to correspond nearly completely to an unbiased distance-based analysis using a custom ImageJ plugin and thus the scoring system was used across all experiments to compare across motor constructs and conditions.
To quantify motor and PEX3 expression levels per cell (SI Appendix, Fig. S3  A and B) and per cargo (SI Appendix, Fig. S3 C-F) , custom analysis pipelines were developed using CellProfiler (https://cellprofiler.org) (78) . At least 30 cells were analyzed for each motor in the absence (SI Appendix, Fig. S3 A and B) and presence (SI Appendix, Fig. S3 C-F) of rapamycin. All imaging was carried out using identical conditions to ensure fair comparison of fluorescence intensities. Briefly, fluorescence channels were aligned and background signal was subtracted separately for each channel. Nuclei were identified and used as seeds to identify cell peripheries. Each cell was manually checked and the outline was adjusted. Cells were masked to measure mean pixel intensity in each fluorescence channel within the cell boundary. Peroxisome objects were identified using three-class, adaptive, Otsu thresholding and then the output was manually checked to add or remove objects. Mean and integrated pixel intensities were measured for all objects in the motor and PEX3 channels and grouped by parent cell. Normalized distance was calculated as the distance from the cell centroid divided by the distance from the cell centroid to the cell edge for each cargo.
Single-Molecule Motility Assays. HiLyte647-labeled microtubules were polymerized from unlabeled and HiLyte647-labeled tubulins (Cytoskeleton) in BRB80 (80 mM Pipes/KOH, 1 mM MgCl 2 , 1 mM EGTA, pH 6.8) supplemented with MgCl 2 and GTP at 37°C for 60 min. Microtubules were stabilized by adding 2 μM taxol in BRB80 and incubating another 60 min. Taxol-stabilized microtubules were stored at room temperature in the dark. A flow cell (∼10-μL volume) was assembled by attaching a clean #1.5 coverslip (Thermo Fisher Scientific) to a glass slide (Thermo Fisher Scientific) with two stripes of double-sided tape. Polymerized microtubules were diluted in BRB80 buffer containing 10 μM taxol and then were infused into flow cells and incubated for 5 min at room temperature for nonspecific adsorption to the coverslips. Sequentially, the flow cells were incubated with: (i) blocking buffer [15 mg/mL BSA in P12 (12 mM Pipes/KOH, 2 mM MgCl 2 , 1 mM EGTA, pH 6.8) with 10 μM taxol] and then (ii) 3xmCit-tagged motors in the motility mixture (0.5-6 μL cell lysate, 2 mM ATP, 9 mg/mL BSA, 0.4 mg/mL casein, 10 μM taxol, 1 mM MgCl 2 , 1 mM DTT, 10 mM glucose, 2 mg/mL glucose oxidase, and 80 μg/mL catalase in P12). The flow cells were sealed with molten paraffin wax and imaged on an inverted TIRF microscope Ti-E/B (Nikon) equipped with 100× 1.49 NA oil immersion TIRF objective (Nikon), 488-, 561-, and 640-nm lasers, and an electronmultiplying charge-coupled device detector (iXon X3DU897; Andor). Image acquisition was controlled with Elements software (Nikon). One image of HiLyte647-labeled microtubules was acquired and then images were acquired in the 488-nm channel at an acquisition rate of 10-20 Hz for 30 s. Monomers were imaged at twice the rate as dimers to capture any diffusive motion. Maximum-intensity projections were generated, and kymographs were produced by drawing along these tracks using Elements software or ImageJ. The velocity was defined as the distance on the y axis of the kymograph divided by the time on the x axis of the kymograph. All in vitro assays were performed at room temperature.
Bead Motility Assays. The amount of biotinylated motors in cell lysates was quantified using a dot blot by spotting serial dilutions of cell lysates and a known control biotinylated protein on a nitrocellulose membrane. The membrane was blocked with 5% BSA in TBST, probed with streptavidin-Alexa 680, and imaged with an Azure imager. Spots were quantified using ImageJ with background subtraction from mock-transfected cells. Various amounts of biotinylated motors were bound to beads by incubating 5-μL sonicated beads, 2 μL P12 buffer (+10 mM ATP, 5 mM MgCl 2 , 5 mM DTT), and cell lysate on ice for 30 min with periodic mixing. A motor concentration of 35 nM was found to produce reliable, unidirectional bead motility for both KIF3B and KIF3B-20nmSAH monomers. Streptavidin-coated fluorescent yellow beads (SVFP-0552-5, 0.4-μm diameter; Spherotech) were sonicated at 40% for 2 min, the surface was blocked for 10 min with 5 mg/mL casein in P12 with 10 μM taxol, and then incubated with cell lysate in P12. The motor/bead mixture was added to assay buffer prepared immediately beforehand containing 2 mM ATP, 1 mg/mL casein, 10 μM taxol, 1 mM MgCl 2 , 1 mM DTT, 10 mM glucose, 2 mg/mL glucose oxidase, and 80 μg/mL catalase in P12. A flow cell was assembled and polymerized microtubules were flowed in and allowed to adsorb to the coverslip for 20 min in a humidified chamber to promote sticking. The flow cells were sealed with molten paraffin wax and imaged on an inverted TIRF microscope as described above. Images were acquired at an acquisition rate of 10 Hz for 30 s in the 561-nm channel to simultaneously view microtubules and fluorescent yellow beads. Kymographs were generated and analyzed as above.
Optical Trapping Assays. Identical cell lysates and bead preparations were used in the bead motility and optical trapping assays. Microtubules were prepared as described previously (79) . Purified tubulin from PurSolutions (bovine, 1001) was reconstituted in the supplied polymerization buffer. Thirteen microliters PEM104 buffer (104 mM Pipes, 1.3 mM EGTA, 6.3 mM MgCl 2 , pH adjusted to 6.9 with KOH), 2.2 μL 10 mM GTP, and 2.2 μL DMSO were mixed. 4.8 μL of 10 mg/mL tubulin were added to the mixture and allowed to incubate for 40 min at 37°C. Subsequently, 2 μL of stabilization solution [STAB, 38.6 μL P12, 0.5 μL 100 mM GTP, 4.7 μL 65 g/L NaN 3 (Sigma S-8032), 1.2 μL 10 mM Taxol (Cytoskeleton TXD01), 5 μL DMSO (Cytoskeleton)] was added to the stock microtubule solution at room temperature.
Optical trapping assays with motor-coated beads were performed as described previously (79) . A flow cell that holds a volume of ∼15 μL was assembled using a microscope slide, etched coverslips, and double-sided tape. Before assembly, etched coverslips were incubated in a solution of 100 μL poly-L-lysine (PLL, Sigma P8920) in 30 mL ethanol for 15 min. The coverslip was then dried with a filtered air line. After flow cell assembly, microtubules were diluted 150 times from the stock in a solution of PemTax (P12 with 20 μM taxol). The diluted microtubules were added to the flow cell and allowed to adhere to the PLL surface for 10 min. Unbound microtubules were then washed out with 20 μL PemTax. A solution of casein (BlottingGrade Blocker, Bio-Rad 1706404) diluted in PemTax (1:8 mixture) was then added to the flow cell and allowed to incubate for 10 min to block the remainder of the surface to prevent nonspecific binding. After the incubation, the flow cell was washed with 50 μL PemTax and 80 μL assay buffer (AB). Various amounts of biotinylated motors were tested and a motor concentration of 7 nM was found to produce reliable trapping of motor-coated beads for both KIF3B and KIF3B-20nmSAH monomers. Ten microliters of the motor/bead incubation were added to fresh assay buffer as described for bead motility assays and then diluted further by 50 μL of P12 buffer to avoid overcrowding of the flow cell with beads.
Optical trapping measurements were obtained using a custom-built instrument with separate trapping and detection systems. The instrument setup and calibration procedures have been described previously (80) . Briefly, beads were trapped with a 1,064-nm laser that was coupled to an inverted microscope with a 100×/1.3 NA oil-immersion objective. Bead displacements from the trap center were recorded at 3 kHz and further antialias-filtered at 1.5 kHz. Position calibration and trap stiffness measurements were obtained using custom LabVIEW programs.
